Abstract For its biocompatibility and biodegradability, chitosan has had considerable attention for biomedical applications in recent years. In this paper, polymerization of poly (ethylene glycol) methyl ether methacrylate (PEGMA) was grafted onto chitosan membrane surface through argon plasma-induced graft polymerization. The surface properties after modification were characterized by contact angle measurement, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM), respectively. The results indicated that PEGMA can be grafted successfully onto chitosan membrane surface. The surface hydrophilicity and free energy were improved and the surface roughness increased after modification. The adhesion of a human corneal epithelial cell (HCEC) on chitosan membrane surface was enhanced due to improvement of surface free energy and roughness.
Introduction
Chitosan is a natural polysaccharide prepared from chitin by deacetylation and composed of glucosamine and N-acetyl glucosamine linked in a β (1) (2) (3) (4) manner. The protonated free amino groups on glucosamine facilitate chitosan's solubility in dilute acids (pH<6.0) [1] , which makes it easy to process into porous structure and thin membrane [2] . Its biocompatibility, biodegradability and bioactivity have led to its growing biomedical applications, such as the repair of skin, bone, cartilage [3∼5] , surgical sutures and wound dressing material [6, 7] . Chitosan tubes have also been fabricated for nerve regeneration recently [8] .
Our previous study [9] has revealed that the surface of chitosan membrane exhibits some hydrophobicity for the orientation of its polar chemical groups toward membrane bulk. For biomedical applications, appropriate surface hydrophilicity is of great importance for cell adhesion and tissue regeneration [10, 11] . In this respect, the surface hydrophilicity of chitosan membrane needs to be improved. Recently, plasma has been widely employed for surface hydrophilicity modification for polymer materials since it offers highly technological efficiency and homogeneity [12] . The most important feature of the plasma technique is exact modification of the polymer surface without changing its bulk characteristics. Plasma has been widely applied to polymer surface graft polymerization [13∼15] .
In the study, polymerization of poly (ethylene glycol) methyl ether methacrylate (PEGMA) was grafted onto chitosan membrane surface through Ar plasmainduced polymerization. The surface hydrophilicity, surface chemical state and morphology were characterized by contact angle measurement, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM), respectively. To evaluate its perspective for corneal tissue engineering application, the adhesion of a human corneal epithelial cell (HCEC) on the membrane surface was also studied.
Experiment

Materials and membrane preparation
Chitosan with deacetylation degree of 85.2% was purchased from Qingdao Hecreat Bio-tech Company Ltd. Chitosan flakes were dissolved in 1% acetic acid aqueous solution with gentle stirring. After air bubbles were removed through pumping with a water-circulated vacuum pump, the solution was injected into plastic culture dishes. The solvent was evaporated in an ultra clean room at room temperature to get chitosan membranes. The chitosan membranes were then immersed in 1 M NaOH solution for 10 min to neutralize the remaining acid. Finally chitosan membranes were washed with double distilled water and air dried. PEGMA monomer (SR550) was kindly provided by Sartomer. Fig. 1 gives its chemical structure. 
Ar plasma-induced graft polymerization
The apparatus for plasma graft polymerization was DL-01 from Suzhou Omega Machinery Electronic Technology Co., Ltd (China), which consisted of a capacitive coupling plasma generator operated at 40 kHz and a gas intake system. Chitosan membranes were first surfaceoxidized by oxygen plasma treatment as follows. The system was first purged with Ar and then evacuated to approximately 5 Pa. Then O 2 with purity of 99.99% was allowed to flow into the reaction chamber via the mass flow controller to get a pressure about 30 Pa. After a stable pressure was obtained, the plasma was ignited for a preset period at a determined power. After that, the membranes were taken out and exposed to air for 1 h to form peroxide and hydroperoxide on the surface. Then the plasma-pretreated membrane was coated with a thin layer of PEGMA monomer by immersing in PEGMA/water solution for approximately 10 s. After drying for 10 min at 50
• C, the membranes were exposed to Ar plasma for PEGMA graft polymerization. The procedure of Ar plasma-induced graft polymerization was the same as the oxygen plasma oxidation. At the end of the O 2 plasma pretreatment and Ar plasma-induced graft polymerization, the system was evacuated for 5 min to remove the etched monomer fragments. After graft polymerization, each membrane was rinsed with distilled water to remove the physically absorbed homopolymers and residual monomers on the surface.
Characterizations
The XPS measurements were carried out on Axis Ultra DLD spectrometer (Kratos Analytical Ltd., England) with monochromatized Al Kα X-ray source (hν=1486.6 eV). Binding energy was referenced to C 1s neutral carbon peak at 284.6 eV.
Contact angles of distilled water and diiodomethane on chitosan membranes were measured at room temperature using sessile drop method on OCA 40 Micro (DataPhysics, Germany). The surface free energy was calculated according to WU's [16] harmonic means equation:
where σ l , σ AFM analysis was performed on a Multimode Nanoscope (R)IIIa (Veeco Metrology Group, Cambridge, UK) with an Si 3 N 4 cantilever in a tapping mode. The mean square roughness (Rms) was evaluated on a 10 µm×10 µm scanned area.
Cell adhesion analysis
HCEC suspensions were diluted to 1×10
5 cells/mL. Then the diluted cell suspension was added to sixwell tissue culture clusters coated with different chitosan membranes. The clusters were incubated in the medium [(DMEM (Gibco) containing 100 u/mL penicillin and streptomycin, 10% fetal bovine serum (Hyclone)] at 37
• C with 5% CO 2 for 24 h and 72 h before observation.
Results and discussion
The study consisted of first O 2 plasma oxidization and then Ar plasma-induced graft polymerization. The oxygen plasma oxidization introduced peroxides and hydroperoxides on chitosan membrane surface [17, 18] , which improved the surface hydrophilicity and made the following monomer coating more effective. After surface coating of PEGMA monomer and drying, the membranes were subjected to plasma polymerization. In our previous work [9] , the condition for oxygen plasma surface oxidation had been optimized to 100 W power and 60 s exposure time and this condition was employed herein. For the surface graft polymerization, Ar plasma condition and monomer concentration were examined, respectively.
3.1
The effect of plasma parameters on surface graft polymerization Fig. 2 shows XPS spectra of the control chitosan membrane and the one after PEGMA is grafted. There are three peaks ascribed to O 1s, N 1s and C 1s. After grafting, the O 1s peak has a great intensity increase with the decrease of N 1s and C 1s. The C/O ratio decreased from 4.14 for the original chitosan membrane to 2.42 for the surface grafted one, which is very close to that of PEGMA monomer (2.38). This indicated that the membrane surface was coated with a PEGMA layer. The weak N 1s peak in Fig. 2(b) shows that the grafted layer is very thin. For polymer material, the sampling depth of XPS is normally about 5∼7 nm. So the thickness of the grafted PEGMA layer is in the range of this value. Fig. 3 shows the C 1s XPS region scans of control chitosan membrane (a) and after PEGMA is grafted (b). The C 1 s can be de-convoluted into three peaks, which corresponds to C-C/C-H (284.6 eV), C-O (286.2 eV) and C=O (287.8 eV), respectively. There is a great intensity increase for C-O peak with the decrease of C-C/C-H after PEGMA is grafted. A new peak corresponding to COO-(288.5 eV) also emerged. The increased C-O and the newly emerged COO-come from the grafted PEGMA. The XPS survey spectra and region scan confirmed successful grafting of PEGMA onto the chitosan membrane surface.
Plasma power and exposure time are two important factors affecting plasma surface modification. In this study, the effect of Ar plasma power and time on the surface graft of PEGMA was examined, respectively. As discussed above, the surface oxygen concentration and C-O relative percentage on chitosan membrane surface can be a reference for surface graft polymerization ratio. Fig. 4 shows the effect of Ar plasma power on surface oxygen concentration and C-O relative percentage, in which the Ar plasma exposure time was 60 s and the monomer concentration was 10%. The oxygen concentration and C-O relative percentage increased with the increase of Ar plasma power, which indicates the increase of surface graft ratio. There is a peak value for oxygen concentration and C-O percentage when the plasma power is 100 W. When the power exceeds this value, the surface graft ratio decreased. This may be caused by plasma surface etching. The plasma induced the grafting of PEGMA on one hand, but a higher plasma power will cause extensive surface etching. The absorbed PEGMA monomer will be removed by surface etching. When plasma power exceeds 150 W, the C-O relative percentage increased. This may be brought out by extensive surface etching and oxidation. percentage increased with the elongation of plasma exposure time and they both reached a peak value when the exposure time was 60 s. With further elongation of exposure time, they both decreased. This trend is almost the same as the plasma power. But compared with plasma power, the decrease of oxygen concentration was not so sharp. This indicated that the plasma exposure time has a milder effect on surface etching than plasma power. This can be easily comprehended because power is the main parameter affecting the energy of plasma particles. The elongation of exposure time increased the ratio of collision between plasma particles and membrane surface, and surface etching will happen. The change of C-O percentage also indicates that 60 s plasma exposure time is the optimal time for PEGMA graft polymerization. When exposure time exceeded 60 s, surface oxygen and C-O decreased because the absorbed PEGMA monomer was removed by surface etching.
According to the above discussion, the optimal plasma condition for Ar plasma-induced surface graft polymerization was 100 W and 60 s and this condition was employed for the following monomer concentration discussion. 6 shows the C 1 s region scan with 2.5% monomer concentration. It can be seen that there is a great difference for C 1s chemical states compared with Fig. 3(b) . With a higher monomer concentration, there is more C-O and COO-on the membrane surface. Fig. 7 shows the effect of monomer concentration on the relative ratio of different C 1s chemical states. It can be seen that the surface C-O and COO-ratio increased with monomer concentration, which reached a peak value when the monomer concentration was 10%. This indicates the maximum graft density for PEGMA on membrane surface. Fig. 8 shows the effect of PEGMA monomer concentration on water contact angle and surface energy. The contact angle decreased with the increase of monomer concentration, which indicates an improvement of surface hydrophilicity. In addition, the surface energy increased with the increase of monomer concentration. PEGMA is a hydrophilic monomer. The successful graft of PEGMA on chitosan membrane surface improved the surface hydrophilicity by incorporating polar molecular chains. These polar chains are responsible for the increase of surface energy. When the monomer concentration was 10%, the surface energy reached the maximum value, and the contact angle was the smallest. This means that 10% was the optimal monomer concentration for surface graft. 3.3 The effect of Ar plasma-induced graft polymerization on surface morphology Fig. 9(a) shows the AFM of control chitosan membrane with a scanned area of 5 µm×5 µm. The surface was very smooth. Fig. 9(b) and (c) are the surface morphology of PEGMA grafted membrane with a scanned area of 10 µm×10 µm and 5 µm×5 µm, respectively. The Ar plasma power for graft polymerization was 100 W with exposure time of 60 s, and the PEGMA concentration was 10%. The surface became rougher than the control one. There are many small islands on the surface, which were the grafted PEGMA chains. Fig. 9(d) is the surface roughness analysis results. The surface mean square roughness (Rms) reached 15.4 nm after PEGMA grafting, much higher than the control membrane (4.9 nm). The increase of surface roughness was the combined contribution of grafted PEGMA chains and surface plasma etching. 
Cell adhesion observation
Many studies have proved that the cell attachment and its growth on the material surface were affected greatly by surface hydrophilicity and surface energy. In addition, a rough surface would also benefit adsorption of proteins in culture medium to form biofilms, which could mediate the cell adhesion [19] . In the study, the surface cell compatibility was evaluated by HCEC. Fig. 10 shows the cell morphology on both untreated and surface modified chitosan membranes after being cultured for one day and three days, respectively. It can be seen that the HCEC adhered well and began to spread on the chitosan membrane surface after one day's culture. Compared with the untreated membrane ( Fig. 10(a) ), there are more cells adhered on the oxygen plasma treated chitosan membrane (Fig. 10(b) ). Among the three membranes, the surface grafted membrane had the most cells adhered on the surface with an elongated cell shape and more cytomeres (Fig. 10(c) ). After three days' culture, the surface adhesion process ended and the HCEC began to propagate. The PEGMA surface grafted membrane was covered with a dense cellular monolayer and the cells integrated well with the membrane (Fig. 10(f) ), while poor cell attachment was observed on the untreated membranes ( Fig. 10(d) ). This indicated that the surface graft of PEGMA on chitosan membrane can improve surface cell adhesion and propagation. Fig.10 The morphology of HCEC after one day (a∼c) and three days' culture (d∼f); (a) and (d) chitosan membrane, (b) and (e) oxygen plasma treated chitosan membrane, (c) and (f) PEGMA surface grafted chitosan membrane (color online)
Conclusions
PEGMA was successfully grafted onto chitosan membrane surface through Ar plasma-induced graft polymerization. The surface hydrophilicity and free energy were improved for the incorporation of polar groups. The surface roughness was increased due to the graft of PEG chains and surface etching. All these improved the surface cell adhesion. The chitosan membrane after surface modification can be a potential candidate for corneal tissue engineering application.
